Status epilepticus of > 30-min duration in rats gives rise to a conspicuous lesion in the substantia nigra pars reticulata (SNPR) and globus pallidus (OP). The ob jective of the present study was to explore whether the lesion, which encompasses necrosis of both neurons and glial cells, is related to intra-and extracellular acidosis. Using the flurothyl model previously described to pro duce seizures, we assessed regional pH values with the autoradiographic 5 ,5-dimethyl[2-14 Cjoxazolidine-2 ,4dione technique. Regional pH values were assessed in animals with continuous seizures for 20 and 60 min, as well as in those allowed to recover for 30 and 120 min after seizure periods of 20 or 60 min. In additional ani mals, changes in extracellular fluid pH (pHc) were mea sured with ion-selective microelectrodes, and extracellu lar fluid (ECF) volume was calculated from the diffusion profile for electrophoretically administered tetramethyl ammonium. In structures such as the neocortex and the hippocampus, which show intense metabolic activation If sufficiently sustained, seizures give rise to brain damage (Corsellis and Meldrum, 1976; Blen now et al., 1978; Sloviter, 1983) . In humans and in experimental animals, this damage affects primarily neurons, and particularly neurons in certain selec-
during seizures, status epilepticus of 20-and 60-min du ration was accompanied by a reduction of the "com posite" tissue pH (pH,) of 0.2-0.3 unit. Recovery of pH, was observed upon termination of seizures. In SNPR and in OP, the acidosis was marked to excessive after 20 and 60 min of seizures (t1pHt = 0.6 after 60 min). In these structures, recovery of pH, was observed after 20 min of seizures, but after 60 min of seizures, a lingering acidosis was observed in SNPR. During the seizures, pHe in the neocortex fell by �0.2 unit. In SNPR and OP, pHe fell to much lower values (mean t1pHe � 0.5-0.6), but ECF vol ume was essentially unaltered. For SNPR we calculated an average intracellular pH of 6.2 after 60 min of seizures. We conclude that lactic acidosis is one important patho genic factor in the development of the pan necrotic lesion in SNPR and OP. Key Words: Acid-base-5,5-Dimethyl [2-14 Cloxazolidine-2,4-dione autoradiography-Neuronal necrosis-Status epilepticus-Substantia nigra.
tively vulnerable areas such as the hippocampus and the neocortex. With the advent of a long-term recovery model for status epileptic us in rodents, it became possible to determine the density and dis tribution of the damage that results from status ep ilepticus of up to 2-h duration, uncomplicated by arterial hypotension or hypoxia . Apart from showing moderate neuronal ne crosis in the neocortex, hippocampus, and thala mus, that study revealed that status epilepticus last ing �45 min caused dense neuronal necrosis of the substantia nigra pars reticulata (SNPR), with in volvement of the globus pallidus (OP) as well. The special features of this spongiotic lesion were that it affected both axonal and dendritic structures in neurons as well as glial cells and that it was accom panied by infiltration of the tissue with macroph ages Auer et al., 1986) .
The results suggested that the pallidoreticularis system is subjected to a more serious metabolic per turbation than other parts of the brain such as the neocortex and hippocampus [for data on these structures, see Duffy et a1. (1975) , Chapman et a1. (1977) , and Folbergrova et a1. (198 1, 1985) ]. This suggestion was borne out when it was shown that the SN suffered a greater fall in phosphocreatine and ATP concentrations and a larger accumulation of lactate than the neocortex (Ingvar et aI. , 1987) . It was postulated that intra-and extracellular pH (pH; and pHe' respectively) were proportionally re duced. Qualitative preliminary assessment of auto radiograms obtained with 5,5-dimethyl[2-14C]oxazo lidine-2,4-dione (DMO) supported the assumption (Siesj6 et aI., 1986) .
In this study, we examined in detail pH changes in the pallidoreticularis system using DMO autora diography. Particular emphasis was laid on a com parison between pH changes in SN-GP and other brain areas showing intense metabolic activation during seizures but only sparse neuronal necrosis. To allow estimation of changes in pH;, we measured changes in pHe in SN and GP, as well as changes in extracellular fluid (ECF) volume, using microelec trodes stereotaxically inserted into these structures. A preliminary account of some of the present find ings has been given (lnamura et aI. , 1987) .
MATERIALS AND METHODS
Adult male Wi star rats of an S. P. F. strain (M�llegaard's Breeding Center, Copenhagen) weighing 200--250 g were used. The animals had free access to pel let food and tap water prior to the experiment.
Double-barreled ion-selective electrodes for measure ments of pHe and tetramethylammonium (TMA + ) were made from borosilicate glass tubings. The H + -exchange cocktail contained tridocedylamine (Fluka) and the TMA + exchanger was made from K-tetrakis(4chlorophenyl)borate in 2-nitrophenyl octyl ether (2% wt/wt). Details of electrode construction and calibration have been given previously (Hansen and Olsen, 1980; Mutch and Hansen, 1984) . DMO (250 f,lCi, 50 mCilmol) was obtained from Amer sham International and was dissolved in Ringer's solution before use. Sixty microcuries of DMO was injected per animal.
Operative and sampling procedures and seizure induction and termination
Seizures were induced as previously described (Ne vander et aI., 1985) . The rats were initially anesthetized with halothane (3%) in a 3:1 mixture of N20/02• They were then tracheotomized and connected to a ventilator (Rodent Ventilator 7025; Ugo Basile, Varese, Italy), par alyzed with suxamethonium, and ventilated on halothane (0.8%) in N20/02 (3:1) during the surgery, which included bilateral catheterization of femoral arteries and veins. EEG electrodes were fastened to the skull and a rectal J Cereb Blood Flow Metab. Vol. 9. No.6. /989 thermometer was placed to maintain the body tempera ture at 3rC. After administration of atropine (0.05 mg/kg), the rats were allowed to stabilize for at least 30 min after discontinuing halothane. The blood pressure was monitored, and ventilation was adjusted so as to give an arterial Pc02 of 35-40 mm Hg, P02 being maintained at > ) (){} mm Hg by oxygen administration.
In animals used for measurement of pHe and ECF vol ume, a 2 x 2-mm craniotomy was performed on the left side. The electrode (either a pH-or a K + -sensitive dou ble-barreled electrode) was then stereotactically inserted with the tip positioned either in the SNPR or in the GP. We used a David Kopf stereotactic apparatus with the following coordinates: SNPR, 5.3 mm posterior from the bregma, 2.3 mm lateral from the midline, and 8.3 mm below the surface of the skull; GP, 1.3 mm posterior from the bregma, 3.2 mm lateral from the midline, and 6.8 mm below the surface of the skull.
Before inducing seizures, we withdrew 3-5 ml of arte rial blood to minimize the ictal elevation of blood pres sure. Phentolamine (Regitin, 0.3 ml of 0.8 mg/ml solution; Ciba-Geigy) was infused just before induction of seizures. Seizures were induced by injection of flurothyl (65 f,ll) directly into the rebreathing system, which was equipped with a CO2 absorbant (Sodalime; Medical and Industrial Equipment Ltd., London). Ventilation was adjusted to maintain arterial Pc02 at 35-40 mm Hg and oxygen was added to the rebreathing system at a low flow rate suffi cient to maintain arterial P02 above 100 mm Hg during seizures. Blood pressure was maintained above 100 mm Hg during seizures by reinfusion of shed blood whenever necessary. Blood gases, plasma pH, and plasma glucose were monitored every 15 min, and a 50% glucose solution was infused to maintain the plasma glucose level close to or above 10 f,lmollml.
Seizures were terminated by disconnecting the re breathing system (20-min seizure group) and by infusion of thiopental (15 mg/kg, Pentothal sodium; Abbott S.p.A. Campoverde LT, Italy) (60-min seizure group).
DMO technique
One series of animals was used to measure pH autora diographically by techniques similar to those described by Kobatake et al. (1984) . The rats were injected with 60 f,lCi DMO 30 min to 2 h before decapitation. Plasma ac tivity of DMO was measured at intervals of 15 min with a liquid scintillation counter (LS 2800; Beckman Instru ments, Fullerton, CA, U.S.A.). The animals were decap itated at times determined by the experimental protocol (see below). The brains were rapidly taken from the skull and immersed in isopentane cooled to -70°C beforehand with liquid nitrogen. They were then stored in the deep freezer ( -80°C) and subsequently processed for autora diography, by cryostat sectioning at 20 f,lm and exposure to x-ray film for 1 week. Evaluation of DMO activity in the different brain regions was performed with the help of an IBAS 2 image analyzer (Kontron Bildanalyse GmbH, Munich, F.R.G.).
pH e measurements
We measured pHe with ion-selective microelectrodes, constructed as described by Mutch and Hansen (1984) . The electrodes were calibrated in a series of phosphate buffers at 37°C. Recalibration of the electrodes after the experiment was performed to control that electrode drift did not exceed 5 m V (if it did, the experiment was dis carded).
We consistently found a low pHe (mean value 7.10) in the cortex of control animals despite a blood pH of 7.42 and a Peo2 of 38 mm Hg. This is at variance with other reports showing brain pHe to be 7.3-7.4 under normal conditions (e.g., Kraig et aI., 1983; Mutch and Hansen, 1984) . The discrepancy stems from an electrode artifact that we discovered after termination of the experiments. Our pH electrodes had very long shanks and, since they were backfilled, the ion-exchange column was -10-15 mm long. It has recently been shown that such an elec trode is sensitive to temperature differences along the exchange column (Vaughan-Jones and Kaila, 1986) . We calibrated the electrodes at 37"C but submerged only the tip; hence, the upper part of the exchanger was exposed to a lower temperature. In the brain, however, the whole column was exposed to 37"C since the craniotomy was covered by a cup filled with warm mock CSF. We con firmed the findings of Vaughan-J ones and Kaila (1986) by immersing the electrodes to varying depths into buffers at 37°C. We found that the sensitivity (i.e., mY/pH) was unaffected, whereas the absolute potential depended on the grade of immersion and varied up to 20 m V. The differences explain our findings of a "normal" pHc of 7.10 compared with values of -7.3 reported by others.
Owing to the uncertainty about the absolute pHc values prevailing in situ, our results give accurate figures for �pHe only. However, since we had no reason to suspect that normal pHe differed from that reported by, e.g., Mutch and Hansen (1984) , we assumed a normal pHe of 7.31 and calculated pHe during and after seizures from that value and the �pHe recorded.
ECF volume measurements
The size of brain interstitial space before and during seizures was determined by a microelectrode technique according to Nicholson and Philips (1981) . In short, a microelectrode sensitive to TMA + was glued to a single barreled glass pipet containing 150 mM TMA-CI. The tip separation varied from 50 to 150 J-Lm. TMA was injected iontophoretic ally from the glass pipet and the resulting concentration increase was recorded with the TMA sensitive microelectrode. The time course of the concen tration increase, for a given iontophoretic current, de pends on the size of the distribution volume, the diffusion coefficient, and the transport number of TMA. The dif fusion coefficient and the transport number were deter mined for every electrode assembly in saline solidified with agar (0.5%). In this case the distribution volume of TMA is 1. The electrode arrangement was then inserted in the tissue by use of a micromanipulator and ionto phoresis was repeated using different iontophoretic cur rents. The time course of concentration increase was fit ted to a diffusion equation (Nicholson and Phillips, 1981) by a least-squares computer-aided fitting procedure to de rive the size of the interstitial space. After the experimen tal procedure, the electrode preparation was withdrawn and the procedure repeated in agar before the electrode was recalibrated in relevant concentrations of TMA-Cl in isotonic saline.
Derivation of composite tissue pH and pHi
We derived a composite tissue pH (pHt) and pHi from the following equations (see Roos and Boron, 1981; Ko batake et aI., 1984; Arnold et aI., 1985) : (1) where pHp is arterial plasma pH, the pKa of DMO is 6.13, and Ct and Cp are the concentrations of DMO in tissue fluid and arterial plasma fluid water, respectively. The pH values thus obtained represent a volume-weighted aver age pH, defined as
where n is the number of compartments andjj is the frac tional volume of the jth compartment ( = V/Vp where Vt is the volume of the tissue) (Roos and Boron, 1981) . When pHt is calculated this way, the value obtained is a volume-weighted average of different cells and the extra cellular compartment.
When tissue and plasma DMO contents together with pHe and ECF volume are known, the volume-weighted average pHi for different cells can be calculated according to the equation (see Kobatake et aI., 1984 , Arnold et aI., 1985 {
where Ve and Vi are the extracellular and intracellular water volumes, respectively, and Ct is the tissue concen tration of DMO. Ce, the extracellular concentration, was derived from pHe, pKa, and HDMOe, the latter being assumed to be identical to arterial plasma HDMO (which can be calculated from plasma pH, pKa, and plasma DMO content). Since pHe in SN was measured in only three of the DMO experiments, and in OP also in only three DMO experiments, we used an average value for pHe, derived from six SN and five OP measurements. Ve was assumed to be 0.2 and similar in control and exper imental groups.
Experimental groups

Measurement of tissue pH with DMO technique
In the control group, a sham operation was performed and the DMO was injected and allowed to equilibrate for 1 h before decapitation (n = 4). In the five seizure groups, DMO was injected at times varying between 30 min and 2 h before the decapitation of the animals, the shortest time of equilibration used only in group c below. The aim was to reveal whether 30 min of equilibration was sufficient and whether DMO "unloading" or "loading" gave the same results. Since the results were identical, the animals were pooled. The groups were as follows: a, 20 min of seizures, no recovery (n = 3); b, 20 min of seizures plus 30 min of recovery (n = 2); c, 60 min of seizures, no recovery (n = 9); d, 60 min of seizures plus 30 min of recovery (n = 3); e, 60 min of seizures plus 120 min of recovery (n = 3).
pHe measurements with microelectrode technique pHe was measured continuously during 60 min of sei zures with a pH electrode placed in the GP (n = 5) and SN (n = 6). Of these animals, three in each group were injected with DMO and are also included in group c above.
Neocortical pHe was not measured in the present ma terial. However, such measurements were performed in a separate material included in Fig. I below (n = 6) in the course of a study of changes in pHe and pHj during 60 min of seizures (E. Martins and B. K. Siesj6, unpublished material) .
Measurement of extracellular sp ace volume
The size of brain extracellular space was measured be fore and during seizures in four animals with a microelec trode technique (see above). Several different measure ments were made in each animal, both in SNPR (in all 16 measurements) and in neocortex (10 measurements).
Statistics
In view of the price of DMO, all groups except one (60 min of seizures) were small. Although not quite appropri ate, we have given means ± SEM for these small groups, but we abstained from applying statistics to the data.
RESULTS
Physiological variables
The physiological variables are summarized in Table 1 . All values were in the physiological range before seizures were induced. A rise of Peo2 and decrease of plasma pH were observed in the course of the seizures and were counteracted by increased ventilation. The plasma glucose concentration rose somewhat during the 60-min seizure period.
p H t
In control animals the plasma 14C content de creased somewhat during the first 30-45 min follow ing injection of DMO. However, the values were almost identical after 45 and 60 min, indicating that a steady state had then been reached (see Kobatake et aI., 1984) .
The pHt values were derived from the plasma and the tissue C4C]DMO activity, the latter being mea sured with computer-assisted image analysis of the 14C autoradiograms. We recall that the densitomet ric values represent the volume-weighted average values for neurons, glial cells, and extracellular space. The results derived for structures of key im portance for the present discussion are shown in Table 2 . In control animals the autoradiographic densities and hence the pHt values were similar in the structures analyzed. Thus, pHt values for the SN and GP were similar to those for the neocortex.
After 20 and 60 min of seizures, pHt decreased by �0.2 unit in all structures except the GP and the SN. After 20 min pHt in GP, as measured by den sitometric averaging over its anatomical bound aries, was somewhat lower. In SN the pH seemed even lower, �0.4 unit below control. Prolongation of the seizures to 60 min did not alter pH in cortex, caudoputamen, and hippocampus but caused a fur ther fall in pH in GP and SN (llpH � 0.6).
After 20 min of seizures, the recovery values for pHt as measured after 30 min were close to or some what above control in all structures examined. Re covery after 60 min of seizures was accompanied by normalization of pHt in all structures except SN. In the latter structure, there was a lingering acidosis that had not resolved after 2 h of recovery.
p H e
Electrodes were stereotaxically lowered into the SN in six and into the GP in five animals for mea surements of pHe. We could find no satisfactory Values are means ± SEM in all groups except 20 min seizures (S) and 30 min recovery (R), in which the two individual values are given. way of localizing the site of the electrode tip in the brains (some of which were used for pHt measure ments with quantitative autoradiography), but in several of these experiments the tip of the electrode was carefully raised or lowered by 0. 5-1 mm to con trol whether a more acid or a more alkaline com partment would be encountered. Figure 1 shows mean pHe values in the neocor tex, SN, and GP. In the cortex /lpHe was close to 0.2 unit while the corresponding changes in SN and GP were much larger (�0.6 pH unit). However, the spread was considerable: Within the six animals in the SN group, four had /lpHe of �0. 4 unit, while the remaining two showed a change in pHe of close to 1 unit. /lpHe in GP showed a similar span, but two animals had intermediate changes (/lpHe = 0. 7 unit). This suggests that, in some of these experi ments, the electrode tips may have been close to, but not in, the SN or the acidic parts of the GP. This variability renders calculations of pHj somewhat uncertain (see below). However, the results un equivocally demonstrate that during status epilepti eus brain tissues at the stereotaxic coordinates of SN and GP had a very low pHe' much lower than in the neocortex. This is illustrated in the color-coded DMO autoradiograms in Fig. 2 , showing brain sec tions at four levels along the anteroposterior direc tion. The results underscore the relatively homoge neous decrease in density (pHt) in neocortex, hip pocampus, and caudoputamen and the marked acidosis of the SNPR that develops in the 20-to 60-min period. However, the autoradiograms reveal that the central parts of the GP develop an equally pronounced acidosis in this period. The results also demonstrate the very local SNPR acidosis that per sists in the recovery period following 60 min of sei zures.
ECF volume
V E CF during status epilepticus has previously been estimated in the neocortex by impedance tech-niques (Siesj6 et aI. , 1985) . In the present study a twin electrode arrangement was used to measure V ECF in the neocortex and the SN. Figure 3 shows a typical record of TMA + diffusion profiles before and during seizures. The results were similar in neo cortex and SN. Thus, in confirmation of our previ ous impedance data the results showed little, if any, change in V ECF during seizures. The values were as follows, for the neocortex: before seizures, 0. 18 ± 0.04; during seizures, 0.22 ± 0.02; for the SN: be fore seizures, 0. 15 ± 0.02; during seizures, 0. 19 ± 0. 06. dorsal hippocampus (C). and substantia nigra (D). Each of these presents four different situations: Upper left is the control brain, upper right is 20 min of seizures, lower left is 60 min of seizures, and lower right is 60 min of seizures plus 2 h of recovery. In globus pallidus and substantia nigra, profound acidosis can be seen at 60 min of seizures, and in the latter the central part is still acidic, surrounded by a demarcated alkaline rim after 2 h of recovery following a seizure period of 60 min. Measurements of interstitial space size in rat substan tia nigra using diffusion of an extracellular ionic probe, tet ramethylammonium (TMA + ) . An electrode assembly consist ing of a TMA + -sensitive microelectrode and an iontophore sis electrode with a tip separation of 85 j.Lm was positioned in the substantia nigra. TMA + was constantly ejected using 20 nA to establish a well-defined baseline concentration before the actual measurement took place at a current of 100 nA. The time course of the concentration increase in brain matter was then fitted to the diffusion equation given by Nicholson and Philips (1981) . The diffusion coefficient in agar was found to be 1.4 x 10-5 cm2-s and the transport number was 0.36 using the same electrodes and experimental protocol.
During normal conditions (top) the interstitial space size was 15% and during seizure activity (bottom) it was 13%.
pHi
In deriving pHi we had to make certain assump tions. First, we assumed that the average pHi ob tained represented the pH response in a relatively homogeneous cell population. Second, although the average pHe before seizures was estimated to be 7.11, we assumed it to be 7.31 (see above and Dis cussion). Third, since pHe in either SN or GP was measured in only some of the DMO animals, we used an average pHe value derived from all pHe measurements.
Previous data in the literature indicate that pHi in the neocortex falls by 0.2-0.3 unit during sustained seizures (Siesj6 et ai. , 1985;  see also Howse et ai. , 1974; Chapman et ai. , 1977) . Our results on pHt and pHe agree with these findings and suggest that pro longation of seizures from 20 to 60 min did not en hance the acidosis. As expected, though, pHi in the SN and GP decreased to much lower values. Thus, the 20-(n = 3) and 60-(n = 9) min values for SN were 6.49 ± 0.04 and 6.20 ± 0.07, respectively (means ± SEM). For the GP, the corresponding values were 6.58 ± 0.08 and 6.21 ± 0.10.
DISCUSSION
Although it has been known that status epilepti cus results in neuronal damage in the brain, the met abolic events leading to this type of damage have not been fully elucidated. It is currently believed that an excitotoxic mechanism is involved in which presynaptically released excitatory amino acids or other endogenous neurotoxins cause cellular dam age of neurons that possess postsynaptic receptors for these potentially toxic transmitters (Griffiths et ai. , 1983 (Griffiths et ai. , , 1984 Olney et ai. , 1983; Sloviter, 1983; Ingvar et ai. , 1988) . A similar hypothesis has been advanced to explain selective neuronal vulnerabil ity in hypoglycemia and ischemia (see Benveniste et ai., 1984; Rothman, 1984; Wieloch, 1985; Rothman and Olney, 1986) . However, ischemia often leads to another type of damage, one in which not only neu rons but also glial cells and vascular endothelium are affected. Such damage, encompassing micro-or microinfarcts, is believed to have several determi nants, one of which is severe acidosis (see Myers, 1979; Siesj6, 1981 Siesj6, , 1984 Plum, 1983) . Thus, pro nounced acidosis may be the factor that converts selective neuronal necrosis to pannecrosis. Sup portive evidence is provided by the exclusive in volvement of neurons in severe hypoglycemia, a pathological condition that, like ischemia, causes energy failure and loss of ion homeostasis but that, in contrast to ischemia, does not cause acidosis (see Siesj6, 1981 Siesj6, , 1988 Auer et ai., 1984; Auer, 1986) . In fact, hypoglycemia may represent a relatively pure excitotoxic lesion (Wieloch, 1985; Auer, 1986; Siesj6, 1988) .
Seizures, even if sustained, give rise to only mod erate tissue acidosis (Howse et ai., 1974; Chapman et ai. , 1977; Petroff et ai. , 1984; Siesj6 et ai., 1985) . One would assume, therefore, that the brain dam age should be dominated by selective neuronal vul nerability. This is indeed the case. However, at least in rodents, status epilepticus of> 30-45 min in duration gives rise to a pan necrotic lesion of the pallidoreticularis system (Nevander et ai. , 1985) . Thus, in both SNPR and the central parts of the GP, the lesion affects neurons, glial cells, and outer per icytes, although inner pericytes and endothelial cells are spared (Auer et ai., 1986) .
The question arose of whether the pannecrosis in SNPR and GP was related to acidosis. Previous data showed that both SNPR and GP show marked increases in local glucose consumption following in duction of seizures. However, in contrast to other hypermetabolic structures such as the neocortex and hippocampus, which maintained their raised metabolic rate for at least 2 h of continued seizure activity, the SNPR and GP showed a secondary fall in metabolic rate to normal (60 min) and subse quently to subnormal (120 min) values (Ingvar and Siesjo, 1983) . It is now clear that this decrease in metabolic rate reflects cell injury and the develop ment of tissue necrosis (N evander et aI., 1985; Auer et aI., 1986) . When it subsequently was shown that accumulation of lactate is much more marked in the SN than in, e.g., the neocortex and hippocampus, it seemed likely that excessive acidosis was indeed a factor contributing to the pannecrosis (Siesjo et aI., 1986; Ingvar et aI., 1987) . It was the objective of this article to establish whether this was the case.
There are few methods available that can resolve differences in pH between different parts of the brain. The DMO method, originally described by Waddell and Butler (1959) , has the advantage that, when applied to autoradiography, it gives good spa tial resolution. Furthermore, at least in principle, it can give data on pHj (Hakim, 1984; Kobatake et aI., 1984; Arnold et aI., 1985) . Its drawbacks are that relatively long periods are required for isotope equi librium between plasma and brain. As applied to autoradiography, the method can also give rise to errors caused by isotope loss during the handling of the tissue sections or their application to autorad iographic films. On the basis of tests designed to estimate isotope loss (data not given) and of the absolute pH values derived for the control animals, we submit that any such error was relatively small. However, the present pHt and pHj values, although similar to those reported by Kobatake et al. (1984) and Arnold et ai. (1985) , are somewhat lower than those obtained with nonautoradiographic tech niques (see Roos and Boron, 1981) . Our results sug gest that the time for isotope equilibrium was ade quate in the high-flow situations studied.
The values obtained for pHt clearly demonstrate that SN and GP were much more acidic than other brain structures. The number of experiments at 20 min was too few to reveal whether the acidosis de veloped gradually during the first hour. However, previous data on lactate content in SN suggest that the acidosis is indeed progressive in the 20-to 60min period during which cell necrosis becomes manifest (Ingvar et aI., 1987) .
The present experiments provide solid data on pHt for the 60-min seizure period. They also clearly demonstrate that, following 20 min of seizures, dis continuation of seizure discharge leads to normal ization of pH!" Such normalization also occurred after 60 min of seizures in all structures except the J Cereb Blood Flow Metab, Vol. 9, No.6, 1989 SN. In the latter (but not in the GP), the acidosis persisted, at least in parts of the nucleus. The re sults reinforce the previous suggestion that the SN suffers a metabolic lesion during sustained seizures.
It is more difficult to interpret changes in pHe and to derive pHj. One of the difficulties is that pHe cannot be measured unless the pH electrodes are calibrated under the same conditions as prevail in vivo (see Kraig et aI., 1983; Mutch and Hansen, 1984) . Another difficulty encountered in the present study is that calibration artifacts easily arise with long ion-exchange columns (see above), One can deduce from the literature that, in the rat, normal pHe is close to 7.3 (Kraig et aI., 1983; Mutch and Hansen, 1984) . However, this value is somewhat uncertain since Kraig et ai. (1987) recently reported a "normal" pHe value of 7.4. Thus, when we sug gest that normal pHe is 7.31, this is an assumption. What can be accurately measured is LlpHe' How ever, the variability observed between animals sug gests that we were not uniformly successful in plac ing the electrode tips in the SN (or GP). The pHj values derived are based on assumptions, the valid ity of which is not accurately known at present. Clearly, though, pHj in SN and GP during seizures is much lower than is pHj in other brain areas. It is of interest that when the tip of the electrode was lowered to the coordinates of SN, LlpHe values ex ceeding 0.4-0.5 were usually recorded, and several values were much lower. Such low values are never obtained in the neocortex. This emphasizes that the SN becomes excessively acidic during ongoing sei zures. It seems likely that this acidosis, in combi nation with the reduction of ATP concentration (In gvar et aI., 1987) , is the cause of the SNPR necrosis.
In summary, the present results support the con tention that severe acidosis is required to transform a lesion characterized by selective neuronal vulner ability to one in which pannecrosis develops. We do not know by what mechanisms severe acidosis ex erts this effect, nor do we know why inner pericytes and endothelial cells are spared (Auer et aI., 1986) . Is this because the maintained blood flow provides a "sink" for the acid generated, thereby reducing the acidity of the cells that by their luminal mem branes are exposed to flowing blood (Auer et aI., 1986) ? Clearly, the answer to this problem is rele vant not only to SNPR lesions in status epilepticus but to all lesions, whether ischemic or metabolic, which seem triggered by severe acidosis.
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